This research introduces a new method to attenuate flip-over vibration generation in the flat blade windshield wiper by adjusting the contact pressure between the windshield glass and the blade. The knocking force in the flip-over action of the blade is decreased by inducing gradual tilting-over along the rubber strip of the blade. This gradual tilting-over is induced by introducing a non-uniform contact pressure distribution between the blade and windshield glass. The contact pressure distribution is adjusted by controlling the unloaded profile of the body spring in the blade using a procedure proposed in a previous study. Two blades, one blade designed to generate a uniform pressure distribution and the other designed to generate non-uniform pressure distribution, are developed using the procedure. Contact pressure distributions of the developed blades are measured using a special device and compared with the intended distributions confirming the similarities between the two groups.
Introduction
The Windshield wiper that wipes out various contaminations such as rain, snow, dust, dirt from the automobile's windshield to ensure a clear field of vision is an indispensible system in the modern motor vehicle. However, the movements of a wiper blade on windshield glass often generate unwanted vibration and thus cause some annoying noises across different frequency ranges. Generally, vibration and noise in the wiper system are classified into three categories, i.e., squeal noise, chattering and flip-over noise (1) . Flip-over noise, produced when the wiper reverses its moving direction, is an impact noise in the frequency range of 500 Hz or less (1) . This type of vibration and noise cause audible annoyance to the driver or passengers. In the attempts to suppress this vibration, various approaches, i.e. modifying structures and properties of the wiper blade have been adopted (1) .
Okura et al. (2) preformed a dynamic analysis of blade flip-over behavior using a 2-D model of a wiper system, and developed a spring-mass model of an arm and blade. Okura and Oya (3) extended their studies considering a complete three dimensional(3-D) model. Using the two models they showed that the reversal impact force could be reduced by modifying the maximum rubberneck rotational angle and the rubberneck rotational spring constant. Kotlarski (4) studied the effects of contact pressure on blade flip-over action, and concluded that blade flip-over process can be controlled by adjusting contact pressure distribution at lip of blade since lower contact pressure encourage rubber strip to flip-over.
The contact pressure distribution in the wiper blade has been studied by many investigators (5~10) .
For example, Grenouillat and Leblanc (5) proposed analytical models for contact pressure distributions in the various types of wiper blades including the tournament type and flat blade type. Lee and Shin (6) numerically investigated contact pressure distribution in a wiper blade with experimental validation. Yoon and Kim (7) proposed a trial and error procedure using finite element models to obtain an optimized profile for a body spring that generates a uniform contact pressure distribution in flat blade wiper system. Song and Lee (8) proposed an analytical procedure to calculate body spring profile that generates the intended contact pressure distribution based on the principle of reciprocity. The results were compared with experimental data for verification. Kim et al. (9) and Kim and Park (10) introduced a blade pressure distribution measurement system using an array of 
Mechanism for flip-over vibration
As explained in the previous section, the wiping action of the blade is performed by friction between the windshield glass and the rubber strip.
Also, the contact pressure necessary for the wip- 
Effect of contact pressure distribution on flip-over vibration
The relation between contact pressure and flip-over action was studied in the previous study (4) . According to the study, the impedance to the blade tilting-over behavior of a flat blade is proportional to the contact pressure at the tip of the rubber strip. So, the uniform pressure distribution over the entire wiper blade length causes the wiper strip to abruptly flip over along its entire span from its one drag position into the other when the wiper blade reverses its working direction.
If the contact pressure between the rubber strip and glass decreases, the drag angle of the rubber strip the angle between the center line of the rubber strip and glass(in Fig. 4 controlled by adjusting the profile of the body spring in the blade before contact (8) .
In addition, the proper unloaded profile of a body spring can be obtained by applying a distributed load that is identical to the intended contact pressure on the convex side of a body spring having an initial profile which is identical to the windshield glass profile (8) .
This procedure is briefly summarized in Fig. 6 .
The mechanism for contact pressure generation in the wiper blade due to the pressing force from the arm is illustrated in Fig. 6 The deflection angle at the given location (x) in the body spring due to the distributed load is calculated from the bending moment at that location using following Equation (11) .
Here, E is Young's modulus, I is the area moment of inertia of the body spring. A deformed profile of the body spring that is identical to the profile of the completed body spring can be calculated based on the deflection angle (x) calcu- The final profile of the body spring can be obtained by simultaneously considering the initial profile and the displacements calculated above.
Validation study

Modifying contact pressure distribution
As explained in Section 3, the knocking force and associated vibration and noise related to the flip-over action of the blade can be attenuated if the tilting-over of the rubber strip initiates at specific region(s) and then spreads to the entire region of the blade. So it is necessary to introduce uneven contact pressure distribution along the span of the blade. Also, since the windshield glass profile has smaller curvature at the right and left sides, the blade rubber strip cannot have sufficient contact at the lowermost wiper position when the contact pressure of the wiper strip against the window is greater in its center section than at the two end sections. Therefore, the contact pressure of the wiper strip against the window is optimized to be substantially greater in its two end sections than in the center section. Since contact pressure in the center region is significantly less than in the two end regions, tilting-over of the strip is expected to initiate in the center area then spread to the both ends of the blade. In addition, deterioration in wiping performance at the end sections of windshield screen due to the sharp decrease in the curvature could be compensated by this type of pressure distribution.
For the comparative study, a blade designed to develop uniform pressure over the entire blade span is simultaneously investigated. Blade I is designed to develop uniform pressure(p0=10 gf/cm) over the entire blade span as shown in Fig. 8(a) and blade II is designed to generate larger pressure(p1=15 gf/cm) in two end regions than the pressure(p0=10 gf/cm) of the middle as shown in Fig. 8(b) . Geometric dimensions and material properties of the blade I and II are provided in Table 1 . As shown in the table, two blades are made of the same material and have identical geometric configurations except LR.
The final profiles of the two body springs, spring I(for the blade I) and spring II(for the blade II), are calculated using the procedure given in Section 3.2 along with the simplification of blade assembly as body spring rail based on the results of the previous studies (8) . The curvature of the windshield screen is assumed to be single value 4000 mm which is average of radii of curvature for various windshield screens at the several locations (8) . Calculated profiles of Spring I and II are compared with each other in Fig. 9 where the difference of the two profiles are clearly shown. It can be concluded that blade vibrations in a flat blade wiper system due to the flip-over process can be attenuated by the uneven contact pressure distribution that can be achieved by adjusting the profile of the body spring in the blade.
Vehicle interior noise is also expected to be attenuated by the modified contact pressure distribution, accordingly.
Future studies include the optimization procedure for the contact pressure distribution between blade rubber strip and windshield glass. In addi-
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